We consider the azimuthal correlations of charged hadron pairs with large total transverse momentum and small relative momentum, produced in proton-proton collisions with one transversely polarized proton. One of these correlations directly probes the chiral-odd transversity parton distribution in connection with a chiral-odd interference fragmentation function. We present predictions for this observable based on previous extractions of transversity (from charged pion pair production in semi-inclusive deep-inelastic scattering) and of the interference fragmentation function (from the production of back-to-back charged pion pairs in electron-positron annihilations). All analyses are performed in the framework of collinear factorization. We compare our predictions to the recent data on proton-proton collisions released by the STAR collaboration at RHIC, and we find them reasonably compatible. This comparison confirms for the first time the predicted role of transversity in proton-proton collisions and it allows to test its universality.
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PACS numbers: 13.85.Ni, 13.88.+e, 13.87.Fh Parton distribution functions (PDFs) describe combinations of number densities of quarks and gluons in a fast-moving hadron. If the parton transverse momentum is integrated over (collinear framework), the parton structure of spin-1 2 hadrons (like the nucleon) is described at first order in terms of only three PDFs: the unpolarized distribution f 1 , the longitudinally polarized (helicity) distribution g 1 , and the transversely polarized (transversity) distribution h 1 . The h 1 is the least known PDF because it is characterized by a parton chirality flip; i.e., it is a chiral-odd function. Transversity occurs only in observables where it is paired to a chiral-odd partner. Hence, it can be measured only in processes with two hadrons in the initial state (e.g., proton-proton collisions) or one hadron in the initial state and at least one hadron in the final state (e.g., semi-inclusive deep-inelastic scattering -SIDIS). Transversity vanishes for gluons inside the nucleon. Contrary to helicity, under evolution it scales like a pure non-singlet function. Its first Mellin moment, the nucleon tensor charge, belongs to the group of nucleon charges (mostly known only on lattice) that could put constraints on the search of new physics mechanisms beyond the Standard Model [1] [2] [3] .
In this paper, we expose the direct effect of transversity on the distribution of final hadron pairs produced in proton-proton collisions with one transversely polarized proton. We calculate for the first time the corresponding transverse spin asymmetry and we compare our predictions with recent STAR data for the case of detected final (π + π − ) pairs at center-of-mass (c.m.) energy √ s = 200
GeV [4] . When the two hadrons are produced with low * marco.radici@pv.infn.it † alessandromari.ricci01@universitadipavia.it ‡ alessandro.bacchetta@unipv.it § asmita@phy.iitb.ac.in relative momentum, the asymmetry is proportional to a convolution containing the transversity distribution h 1 and its chiral-odd partner denoted H 1 [5] . The H 1 is a specific polarized di-hadron fragmentation function (DiFF) that describes the distortion of the azimuthal distribution of the final hadron pair when the fragmenting parton is transversely polarized [6] . The transversity h 1 and the DiFF H 1 were extracted by fitting data for the semi-inclusive production of (π + π − ) pairs in SIDIS and in e + e − annihilations. The cross section for SIDIS at leading twist contains a term which is proportional to the product of h 1 and H 1 [7] [8] [9] . The same H 1 appears also in the leading-twist cross section for the semi-inclusive back-to-back emission of two hadron pairs from e + e − annihilations [10, 11] . The H 1 was parametrized [12] using the e + e − data from the BELLE collaboration [13] . The transversity valence components h uv 1 and h dv 1 were extracted [14, 15] from the SIDIS data of the HERMES [16] and COMPASS [17] collaborations. The analysis has been recently updated [18] by enclosing the latest and more precise COMPASS data for a transversely polarized proton target [19] .
There is a general consistency (at least, in the kinematical range where there are SIDIS data) between the transversity extracted with the above strategy and the one extracted via the Collins effect in single-hadron SIDIS [20, 21] (see also Ref. [22] ). However, the analysis of the latter case requires a formalism with an explicit dependence on the parton intrinsic momentum, the so-called TMD factorization framework. The TMD framework cannot be applied to single hadron production in hadronic collisions since there are explicit counterexamples showing that TMD factorization is broken in this case [23] . On the contrary, the case of di-hadron production can be analyzed using a collinear factorization framework, which can be applied also in hadronic collisions. This allows us to study transversity in a proarXiv:1604.06585v1 [hep-ph] 22 Apr 2016 2 pected to contribute to the asymmetry, therefore the corresponding mass range (497.6 ± 10 MeV) was excluded from the analysis. The transversely polarized cross-section of hadron pairs in p " + p collisions can be written similar to [26] :
(1)
Kinematics for the collision of a proton with momentum pA and a tranversely polarized proton with momentum pB and spin vector SBT . The final state is represented by the inclusive production of two hadrons with total and relative momenta P = p1 + p2 and R = p1 − p2, forming a plane oriented with the azimuthal angle φ R with respect to the reaction plane formed by pA and P .
cess different from SIDIS and explore its universality.
In the following, we take our parametrizations of h 1 and H 1 , obtained by fitting SIDIS and e + e − data, and we compute the relevant transverse spin azimuthal asymmetry for semi-inclusive (π + π − ) production in protonproton collisions. Then, we compare our predictions with the STAR data. In spite of some limitations in our estimate (in particular, we include only valence quarks because these are the only components of transversity that can be extracted from the current fixed-target SIDIS data), we obtain a reasonable agreement with experimental measurements. This is an important achievement because it gives us confidence in the reliability of the framework and opens a unique opportunity to use hadronic collisions data for the extraction of transversity based on the di-hadron collinear mechanism.
We consider the process p A + p ↑ B → (h 1 h 2 ) + X where a proton with momentum p A collides with a transversely polarized proton p B with spin vector S B , and two unpolarized hadrons h 1 and h 2 (with momenta p 1 and p 2 and masses M 1 and M 2 , respectively) are inclusively detected inside the same jet. We define the pair total momentum P = p 1 + p 2 and relative momentum R = (p 1 − p 2 )/2; the pair invariant mass is M 2 h = P 2 . Since we work in a collinear framework, we integrate over the intrinsic transverse components of P with respect to the jet axis. The components of P perpendicular to the beam (defined by p A ) are indicated by P T . We identify the reaction plane as the plane formed by p A and P . All azimuthal angles are measured with respect to this plane (see Fig. 1 and Ref. [5] for a formal definition). The most relevant angles are φ S , the azimuthal angle of the polarization vector S B , and φ R , which describes the azimuthal orientation around P of the plane containing the hadron pair momenta p 1 and p 2 (see Fig. 1 ). The modulus |P T | is the hard scale of the process. Hence, we assume that
and we perform our analysis at leading order in 1/|P T |. The differential cross section reads [5] 
where dσ 0 is the unpolarized cross section
and the transverse spin asymmetry A U T is given by
The pseudorapidity η of the hadron pair is defined with respect to the beam momentum p A . Hence, forward transversely polarized particles are associated to negative pseudorapidities. Experimental data have been presented with the opposite choice [4] . In Eq. (2), the elementary cross section dσ describes the annihilation of partons a and b (carrying fractional momenta x a and x b , respectively) into the partons c and d. The inclusive decay of parton c into the detected hadron pair is described by the unpolarized DiFF D c 1 , that depends on the parton fractional energy z carried by the hadron pair and on the invariant mass M h of the pair itself. Similarly, in Eq. (3) the cross section d∆σ describes the transfer of polarization in the elementary annihilation when parton b ↑ is transversely polarized. As previously mentioned, the inclusive fragmentation of the transversely polarized parton c ↑ is described by H c 1 . From both SIDIS and e + e − data a specific component of H 1 is extracted that corresponds to the (π + π − ) pair being produced in a state with mismatch in relative orbital angular momentum |∆L| = 1, i.e. it corresponds to the interference between the amplitudes for the decay into a pair with relative s wave or p wave [9] . Accordingly, this component is usually named interference fragmentation function (IFF) [7] . Since in this context there is no ambiguity, in the following we will keep denoting it as H 1 .
In the above equations, the sum runs upon all possible combinations of parton flavors; the corresponding (polarized) elementary cross sections are listed in the Appendix of Ref. [5] . Both dσ and d∆σ are differential in t = tx a /z, where t = (p A − p B ) 2 andz is the value taken 3 by z because of momentum conservation at the partonic level [5] :z
with s = (p A + p B ) 2 . Finally, in Eq. (3) |R T | = |R| sin θ, where θ is the angle between the back-to-back emission direction in the c.m. of the hadron pair and P in the reaction plane [9] . In the following, sin θ will be replaced by the average experimental value in each corresponding bin. The modulus |R| is related to the pair invariant mass through [5, 9 ]
Evidence for the transverse spin asymmetry A U T of Eq. (3) has been recently reported by the STAR collaboration for the process p + p ↑ → (π + π − ) + X at the c.m. energy √ s = 200 GeV [4] . If the final hadron pair is represented by charged pions (π + π − ), then the above formulas simplify because isospin symmetry and charge conjugation induce specific symmetry relations among the various flavor components of DiFFs [14, 15, 18, 24] . In the following, we compare the experimental results with our predictions for A U T . We compute them in two steps. First, we replace in Eq. (3) the DiFFs with those ones used to fit the BELLE data on the azimuthal asymmetry of the pion pair distribution in the process 12] . Note that the BELLE data do not allow to extract parametrizations of D g 1 : the gluon contribution is generated only by the effect of QCD evolution. The second step consists in replacing the PDFs with those ones used to fit the HERMES and COMPASS data on the SIDIS transverse spin asymmetry in e + p ↑ → e + (π + π − ) + X [18] . Specifically, we consider the parametric expressions at Q 2 0 = 1 GeV 2 of all replicas of DiFFs and transversity that fit the e + e − and SIDIS data, and we evolve each replica to the STAR |P T | scales by computing its DGLAP evolution equations at leading order [25] , using the HOPPET code [26] suitably extended to include chiral-odd splitting functions. The replica method was systematically applied to the statistical error analysis in the extraction of both DiFFs and transversity. Moreover, we tested different starting expressions for h qv 1 (x, Q 2 0 ) and two different values of α s (M 2 Z ) in the evolution code, in order to account for the uncertainties in the determination of Λ QCD and, more generally, to include a theoretical systematic error [15, 18] . Thus, we believe that the predictions we are presenting here are based on the current most realistic estimate of the uncertainties on transversity, particularly for kinematical regions outside the range covered by SIDIS experimental data. In the following, we will present results for the choice α s (M 2 Z ) = 0.139 [27] and for the socalled flexible form of h qv 1 (x, Q 2 0 ) [18] . The other choices behave in a similar way. Moreover, we show our results as an uncertainty band corresponding to the central 68% of all replicas. In Fig. 2 , the transverse spin asymmetry A U T of Eq. (3) is plotted as function of the invariant mass M h , integrating on |P T | and on forward negative η in all experimental bins, namely for 3 ≤ |P T | ≤ 13 GeV/c and −1.4 ≤ η ≤ 0. For each experimental M h bin, the theoretical result for A U T is deduced by computing the integral on M h over the width of the bin. The experimental data are the result of the 2006 run performed by the STAR collaboration [4] . For η < 0, we have forwardpropagating transversely polarized particles: the asymmetry is more sensitive to the contribution at large x b of valence quarks to transversity and it turns out to be sizeable, as expected. It displays the typical shape of the M h dependence of DiFFs, namely a bump around the mass of the ρ resonance. The overall agreement between theoretical predictions and data is remarkable. It is confirmed also when looking at A U T as function of M h at η > 0. It suggests that the transversity h 1 and IFF H 1 could indeed be considered in this first instance as universal functions occurring in the cross sections for the various hard processes leading to the inclusive production of charged pion pairs.
In Fig. 3 , the asymmetry is shown as function of η when integrated on 3 ≤ |P T | ≤ 13 GeV/c and 0.3 ≤ M h ≤ 1.2 GeV.
1 Similarly to the previous figure, for each experimental η point the theoretical result is integrated in
The asymmetry A U T as a function of pseudorapidity η, integrated over M h and |PT |. Forward kinematics corresponds to negative η. Solid (red) line for replica "6" of A U T , dashed (blue) line for replica "31", dot-dashed (red) line for replica "43". Further notation and conventions as in the previous figure. the corresponding bin. Positive pseudorapidities correspond to backward-propagating transversely polarized particles: the asymmetry is dominated by the contribution of transversely polarized partons with low x b , the transversity is less important, and the resulting asymmetry is largely suppressed. The agreement with data is very good even though the theoretical band is very narrow. This feature is determined by the assumptions adopted in the analysis of (π + π − ) SIDIS data: the lowx behaviour of transversity cannot be fixed yet by the current fixed-target data, and it is imposed by hand to grant that the resulting tensor charge is finite [15, 18] . At η < 0, the situation is less satisfactory. As explained above, the asymmetry here is larger because it is dominated by the valence components of transversity. Nevertheless, the 68% band of computed replicas starts to deviate from the experimental points.
However, we observe that some of the replicas lying outside the 68% band are close to the data points in this kinematical region. In Fig. 3 , the solid (red) line refers to the result of replica "6" for A U T , the dashed (blue) line to replica "31", and the dot-dashed (red) line to replica "43". All three results very closely reproduce the experimental points. This is remarkable, if we consider that the curves are predictions. The replicas "6", "31", and "43", do not belong to the 68% band of replicas that fit the SIDIS data either. But the corresponding χ 2 per degree of freedom in that fit are still reasonably low: 2.04, 1.52, and 2.02, respectively [15] . Moreover, they share a very peculiar feature, as it will be clear in the following.
In Fig. 4 , we show the uncertainty band for the 68% of all replicas of the valence down transversity xh as a function of x at Q 2 = 2.4 GeV 2 . The uncertainty band refers to the 68% of replicas that fit the (π + π − ) SIDIS data off transversely polarized proton and deuteron targets with the flexible parametrization and αs(M 2 Z ) = 0.139 [18] . Dark (blue) solid lines with no label for the upper and lower limits of the Soffer bound. Light (red) solid line for the transversity from replica "6", dashed (blue) line for replica "31", dot-dashed (red) line for replica "43".
transversely polarized proton and deuteron targets. The dark solid lines with no labels represent the upper and lower limits of the Soffer bound. The plot corresponds to the darker band with solid borders in the right panel of Fig. 8 in Ref. [18] . The replicas in the band tend to saturate the lower limit of the Soffer bound because they are driven by the COMPASS deuteron data, in particular by the 7th and 8th bins in Ref. [18] . The light (red) solid line with label "6" reproduces the transversity from the corresponding replica. Similarly, the dashed (blue) line refers to replica "31", while the dot-dashed (red) line to replica "43".
Their trajectories do not follow the trend of the 68% band at large x. Rather, they deviate towards the upper Soffer bound and they saturate it. Hence, at large x 0.1 there seems to be a tension between the COMPASS deuteron data and the STAR data for forward asymmetries. However, this tension concerns at most two bins in x of the SIDIS analysis. It is reasonable to expect that when more data for semi-inclusive (π + π − ) production will become available (particularly from the analysis of runs 2011 and 2012 for proton-proton collisions at c.m. energies of √ 500 and √ 200 GeV, respectively, by the STAR collaboration) and a global fit of SIDIS, e + e − , and proton-proton collisions will become feasible, the above two bins in x from the SIDIS deuteron data will become statistically less relevant and the above tension will most likely disappear.
In summary, for the first time we have exposed the predicted connection between the experimental evidence of transverse-spin azimuthal asymmetries in the distribu-tion of (π + π − ) pairs produced from proton-proton collisions, and the transversity parton distribution that was extracted from a previous analysis of pion pair production in semi-inclusive deep-inelastic scattering. By combining transversity with its chiral-odd partner, the interference fragmentation function independently extracted from production of back-to-back pion pairs in electronpositron annihilations, we have made predictions for the distribution of (π + π − ) pairs produced in protonproton collisions with one transversely polarized proton. These calculations can be meaningfully performed in the collinear framework, where the cross sections for the above hard processes can be expressed in a factorized form. By comparing our predictions to the recently released data by the STAR collaboration at RHIC, we deduce that there are clear and encouraging hints that the involved parton densities are universal, although we encountered some discrepancies in the case of forward kinematics. Further insight into these discrepancies could be gained by collecting more experimental data. For example, it would be important to improve our knowledge of the gluon contribution to the (π + π − ) fragmentation, which is not constrained by the e + e − data. To this aim, measurements of the unpolarized cross section for the p + p → (π + π − ) + X process would be very useful. The published set of data points for the transverse-spin asymmetry is small and with relatively limited statistics. In the near future, more data are expected from the STAR collaboration that will also make it feasible to extract transversity from a global fit of data from all hard processes for the semi-inclusive production of pion pairs.
